INTRODUCTION
============

It has been well recognized that the Berry curvature of electronic wave functions can have a profound effect on the physical properties of materials ([@R1]--[@R3]). For instance, nontrivial Berry curvatures in the event of either broken time-reversal symmetry or broken inversion symmetry are known to be responsible for various (quantum, anomalous, spin, and valley) Hall effects ([@R3]--[@R6]). In the case of graphene with gapless Dirac cones at the two inequivalent valleys K and K′, the spinor-type wave functions of the Dirac fermions result in nontrivial Berry phases of π and −π ([@R7]--[@R9]). For perfect and flat monolayer graphene in the absence of an external magnetic field, the Berry flux from K and K′ exactly cancels each other so that the Hall conductance vanishes under both time and inversion symmetries ([@R7]--[@R9]). On the other hand, inversion symmetry can be broken by either atomically aligning monolayer graphene on top of hexagonal boron nitride (h-BN) ([@R10]) or artificially building in the broken inversion symmetry in strained "molecular graphene" assembled by scanning tunneling microscopy (STM) ([@R11]). The former leads to the realization of the valley Hall effect (VHE) ([@R10]), and the latter manifests Landau quantization and site-dependent topological zero modes in the tunneling conductance spectra ([@R11]). In addition, one-dimensional (1D) valley-polarized conducting channels associated with the protected chiral edge states of quantum valley Hall insulators have been demonstrated at the domain walls between AB- and BA-stacked bilayer graphene ([@R12]). These interesting results underscore the rich opportunities provided by graphene-based systems for the studies of valley-projected topological states.

In contrast, while monolayer transition-metal dichalcogenides (TMDCs) in the 2H-phase are 2D semiconducting crystals with an in-plane structure similar to graphene and exhibit strong spin-valley coupling and interesting optical properties ([@R13]--[@R16]), no discernible out-of-the-plane pseudo-magnetic fields can be induced by strain due to negligible Berry curvatures around the gapped bands at the K and K′ points ([@R17]). Thus, the primary strain-induced effect on 2D TMDCs is only associated with the modification to the semiconducting energy gaps, leading to brighter photoluminescence in stronger strained areas due to the resulting smaller energy gaps ([@R17], [@R18]).

Earlier experimental investigations of strained graphene generally involve approaches of either stacking mechanically exfoliated, microscale flakes of graphene on h-BN ([@R10]) or assembling atom by atom using a scanning tunneling microscope ([@R11]). Neither method is scalable for realistic device applications. Recently, efforts have been made to pre-design the substrate to induce controlled strain on monolayer graphene ([@R19]--[@R24]). However, most of these strained graphene samples have only been characterized by imaging with scanning electron microscopy (SEM) and/or atomic force microscopy (AFM) and by Raman spectroscopy without explicit investigation of the strain-induced pseudo-magnetic field ([@R19]--[@R23]). In the only case of direct measurements of the pseudo-magnetic fields by means of STM/scanning tunneling spectroscopy (STS), studies were solely carried out in nearly flat areas with much smoother topography so that the resulting pseudo-magnetic fields were very small (\~7 T) and were taken at low temperatures (\~4.6 K) ([@R24]). Here, we report a scalable experimental approach that successfully induces giant pseudo-magnetic fields (up to \~800 T) and achieves manipulation of the topological states and in monolayer graphene by means of nanoscale strain engineering at room temperature. Our methodology involves placing a nearly strain-free, large-area (\~1 cm^2^) monolayer graphene sheet on top of properly architected nanostructures to induce global inversion symmetry breaking. We demonstrate the development of strain-induced giant pseudo-magnetic fields and global valley polarization by direct STM/STS studies. The experimental investigations are further corroborated by simulations using the molecular dynamics (MD) method elaborated in the Supplementary Materials and figs. S1 to S3. We also verify the feasibility of periodic 1D topological channels for protected propagation of chiral modes in graphene based on our empirically demonstrated periodic strain patterns and MD simulations. This methodology is shown to be scalable and controllable, which paves a new pathway toward realizing realistic graphene-based valleytronic applications.

RESULTS
=======

Nanoscale strain engineering of graphene
----------------------------------------

Our experimental approach is based on the notion that the electronic properties of graphene exhibit significant dependence on the nanoscale structural distortion and the resulting strain ([@R7], [@R25]--[@R31]). In general, structural distortion-induced strain in the graphene lattice gives rise to two primary effects on the Dirac fermions ([@R13], [@R15]). One is an effective scalar potential Φ, and the other is an effective gauge potential **A** related to the Berry connection in the reciprocal space ([@R25], [@R27]). These strain-induced effective scalar and gauge potentials in graphene are the consequences of the changes in the distance or angle between the *p~z~* orbitals due to structural distortions, which modify the hopping energies between Dirac electrons at different lattice sites, thereby giving rise to the addition of an effective gauge potential **A** and a scalar potential Φ to the original Dirac Hamiltonian of ideal monolayer graphene. The excess scalar potential can cause scattering of Dirac fermions and changes in the local charge densities, whereas the excess gauge potential can result in a pseudo-magnetic field that is related to the Berry curvatures in the reciprocal space and couples with the valley (pseudo-spin) degrees of freedom. Thus, proper nanoscale engineering of the strain in graphene can provide unique means to manipulate the valley degrees of freedom ([@R29]). Moreover, by combining large-scale strain-free graphene and modern nanofabrication technology, it becomes feasible to devise scalable structures to achieve desirable control of the valley-associated topological states.

To achieve large-area (\~1 cm^2^) nearly strain-free graphene, we used the plasma-enhanced chemical vapor deposition (PECVD) technique, as detailed previously ([@R32]). To induce controlled nanoscale strain on initially strain-free graphene, we carried out the procedures schematically illustrated in [Fig. 1A](#F1){ref-type="fig"}. Specifically, two different approaches were taken to induce substantial strain. The first approach involved fabricating Pd nanocrystals (NCs) that were in the form of tetrahedrons with a typical base of \~30 nm in length, using a wet chemical method first developed by Zhang *et al.* ([@R33]) and further elaborated in Materials and Methods. The second approach involved fabricating periodic arrays of nanostructures on silicon substrates using either electron beam (e-beam) lithography or focused ion beam (FIB) lithography, as detailed in Materials and Methods and further illustrated in fig. S4. The NCs were dispersed on a silicon substrate, as exemplified by the SEM images over an area of 3 μm × 3 μm shown in [Fig. 1B](#F1){ref-type="fig"} and for a zoom-in view of two NCs shown in [Fig. 1C](#F1){ref-type="fig"}. Next, we transferred a monolayer of h-BN and then a monolayer of our PECVD-grown monolayer graphene on top of the NCs by means of a polymer-free technique ([@R34]), where the h-BN was mechanically exfoliated either from an h-BN single crystal or by the CVD growth method developed by Lin *et al*. ([@R35]). Both the h-BN and graphene monolayers were shown to conform well to separated NCs, as illustrated in [Fig. 1D](#F1){ref-type="fig"} and the upper panel in [Fig. 1E](#F1){ref-type="fig"}. However, for closely spaced NCs, a wrinkle in graphene appeared, as exemplified in the lower panel of [Fig. 1E](#F1){ref-type="fig"}. Here, we note that the purpose of inserting an h-BN monolayer between graphene and silicon nanostructures is to minimize the effects of phonon coupling between Si and graphene ([@R28]) and of charge impurities in the Si substrate ([@R28]) on graphene.

![Nanoscale strain engineering of graphene.\
(**A**) Schematic illustrations showing the steps taken to induce strain on graphene by Pd tetrahedron NCs. (**B**) SEM image of randomly distributed Pd tetrahedron NCs distributed on a Si substrate over an area of 3 μm × 3 μm. (**C**) A zoom-in SEM image of two Pd tetrahedron NCs. (**D**) Exemplifying AFM image of graphene/h-BN/Pd tetrahedron NCs. (**E**) Top: AFM image of graphene/BN on a single Pd tetrahedron NC, showing excellent conformation of graphene/BN to the single Pd tetrahedron NC. Bottom: AFM image of graphene/BN on two closely spaced Pd tetrahedron NCs, showing the formation of a graphene wrinkle between the two Pd tetrahedron NCs.](aat9488-F1){#F1}

The structural distortion-induced strain on graphene can be evaluated using the strain tensors. For a spatially varying displacement field $\mathbf{u} \equiv u_{x}\hat{x} + u_{y}\hat{y} + h\hat{z}$, the strain tensor components *u~xx~*, *u~xy~*, and *u~yy~* are given by ([@R25], [@R27])$$\begin{matrix}
{u_{\mathit{xx}} = \frac{\partial u_{x}}{\partial x} + \frac{1}{2}\left( \frac{\partial h}{\partial x} \right)^{2},~u_{\mathit{xy}} = \frac{1}{2}\left( \frac{\partial u_{x}}{\partial y} + \frac{\partial u_{y}}{\partial x} \right) + \frac{1}{2}\left( \frac{\partial h}{\partial x}\frac{\partial h}{\partial y} \right),} \\
{u_{\mathit{yy}} = \frac{\partial u_{y}}{\partial y} + \frac{1}{2}\left( \frac{\partial h}{\partial y} \right)^{2}} \\
\end{matrix}$$

If the *x* axis is chosen along the zigzag direction, the 2D strain-induced gauge potential in the real-space $A = A_{x}\hat{x} + A_{y}\hat{y}$ can be expressed in terms of the tensor components by the following relations (in the first-order approximation) ([@R7])$$A_{x} = \pm \frac{\beta}{a_{0}}(u_{\mathit{xx}} - u_{\mathit{yy}}),~A_{y} = \mp 2\frac{\beta}{a_{0}}u_{\mathit{xy}}$$where *a*~0~ ≈ 0.142 nm is the nearest carbon-carbon distance for equilibrium graphene, β is a constant ranging from 2 to 3 in units of the flux quantum, and the upper and lower signs are associated with the K and K′ valleys, respectively ([@R7]). From [Eq. 1](#E1){ref-type="disp-formula"}, we note that in the event of strong *z*-axis corrugation, the strain components resulting from the height variations becomes dominant over the in-plane strain components, as exemplified in figs. S1 to S3. Using [Eqs. 1](#E1){ref-type="disp-formula"} and [2](#E2){ref-type="disp-formula"}, the spatial distribution of the pseudo-magnetic field can be obtained according to *B~S~* (**r**) = ∇ × *A* (**r**), with opposite signs associated with the K and K′ valleys so that the global time reversal symmetry is preserved and the total flux integrated over the entire sample is zero. Hence, from given 3D atomic structural distortions of graphene, which may be determined by either STM or high-resolution AFM, the spatial variations of *B~S~* (**r**) can be derived.

Alternatively, the magnitude of pseudo-magnetic field, \|*B~S~* (**r**)\|, can be independently verified by spatially resolved STS, where the pseudo-magnetic field--induced quantized Landau levels *E~n~* (with *n* being integers) in the tunneling conductance (*dI*/*dV*) versus biased voltage (*V* = *E*/*e*, with *E* being quasi-particle energy) spectrum at a given position **r** satisfy the following relation$$\left. E_{n} = \text{sgn}(n)\sqrt{2\mathit{ev}_{F}^{2}\hslash \mid \mathit{nB}_{S} \mid},~\Rightarrow~ \mid B_{S} \mid = \lbrack{(E_{n + 1})}^{2} - {(E_{n})}^{2}\rbrack/(2\mathit{ev}_{F}^{2}\hslash) \right.$$

Using [Eq. 3](#E3){ref-type="disp-formula"}, the magnitude of the pseudo-magnetic field at a given position can be determined rigorously by the energy spacing of different Landau levels of varying indices *n* in the local tunneling spectrum. The consistency of such spectroscopic studies with the value obtained from the strain tensors can be verified by comparing with the atomically resolved topographic studies.

Topographic and spectroscopic evidences for the formation of giant pseudo-magnetic fields
-----------------------------------------------------------------------------------------

In [Fig. 2](#F2){ref-type="fig"}, we illustrate the comparison of the strain-induced pseudo-magnetic fields for the K valley from both topographic and spectroscopic studies at room temperature. The main panels of [Fig. 2 (A and B)](#F2){ref-type="fig"} are respectively zoom-out AFM and STM topographic images over an area of 100 nm × 100 nm that cover the full view of monolayer graphene/h-BN over an isolated Pd tetrahedron. In the inset of [Fig. 2A](#F2){ref-type="fig"}, a zoom-in atomically resolved STM topography of graphene over an area of 3 nm × 3 nm near the tip of the tetrahedron reveals strong structural distortion in graphene with significant height displacements. Assuming the validity of first-order strain-induced perturbation to the Dirac Hamiltonian and using the MD method as detailed in the Supplementary Materials, we obtain the resulting pseudo-magnetic field distributions in [Fig. 2C](#F2){ref-type="fig"} for the topography shown in [Fig. 2B](#F2){ref-type="fig"}. In addition, maps of the corresponding strain tensors are provided in fig. S5 (A to C). Given the significant structural distortions in graphene, we note the resulting large magnitudes of the pseudo-magnetic field, up to \~800 T in maximum values if computed from the topographic information.

![Topographic and spectroscopic studies of strain-induced effects on graphene at room temperature due to one Pd tetrahedron NC.\
(**A**) 3D topographic images of the distorted graphene taken by AFM (main panel) and by STM (inset, zoom-in image with atomic resolution). (**B**) 3D topographic image of the distorted graphene taken by STM. (**C**) Pseudo-magnetic field map calculated from the topography over the same area as shown in (B). (**D**) Tunneling conductance spectral difference relative to the Dirac spectrum of strain-free graphene is shown along the line cut indicated by the black arrow in (C), revealing spatially varying strengths of strain-induced pseudo-magnetic fields as manifested by the variations in the Landau-level separation. a.u., arbitrary units. (**E**) Representative spectra of tunneling conductance versus energy of strained graphene along the black line cut in (C), showing quantized conductance peaks in strained regions and the V-shape Dirac spectrum in strain-free regions as exemplified by the white curve located at *r* \~ 36 nm. (**F**) 3D topographic map of graphene/h-BN deformation on an ideal tetrahedron, as computed from MD simulations described in the Supplementary Materials. (**G**) Pseudo-magnetic field map computed from the topographic distortion in (F). (**H**) Comparison of the absolute values of pseudo-magnetic fields \|*B~S~* (*r*)\| derived from topographic studies (red line) and from the Landau-level separations in STS (black diamonds), showing overall satisfactory agreement. Here, *r* denotes the distance measured from the lower-left end to the upper-left end of the black arrow shown in (C).](aat9488-F2){#F2}

Concurrent spectroscopic studies of the strained graphene over the isolated tetrahedron also revealed spatially varying tunneling spectra, as exemplified in [Fig. 2D](#F2){ref-type="fig"} for a collection of high-resolution tunneling conductance versus bias voltage spectra along the black line indicated in [Fig. 2C](#F2){ref-type="fig"}. Here, the horizontal axis in [Fig. 2D](#F2){ref-type="fig"} corresponds to the bias voltage, the vertical axis corresponds to the spatial dimension along the black line (from lower left to upper right) in [Fig. 2C](#F2){ref-type="fig"}, and the colors represent the tunneling conductance difference from the unstrained graphene. The 3D representation of the tunneling spectra taken along the same line cut is shown in [Fig. 2E](#F2){ref-type="fig"}. Specifically, a typical V-shaped tunneling spectrum for ideal graphene is shown in the strain-free region, as exemplified by the white curve in [Fig. 2E](#F2){ref-type="fig"}, whereas increasing larger energy separations for consecutive peak features are found for the tunneling spectra taken at increasingly strained regions, showing a consistent increase in the Landau-level energy separations with the increasing magnitude of strain found in the topographic studies.

To further verify the consistency between the magnitude of pseudo-magnetic field determined from topography and from spectroscopy, we compare in [Fig. 2H](#F2){ref-type="fig"} the absolute values of pseudo-magnetic fields \|*B~S~* (*r*)\| derived from topographic studies ([Fig. 2C](#F2){ref-type="fig"}) and those from the Landau-level separations ([Fig. 2D](#F2){ref-type="fig"}) using [Eq. 3](#E3){ref-type="disp-formula"} and find overall reasonable agreement. Here, *r* denotes the distance measured from the lower-left end to the upper-left end of the black arrow in [Fig. 2C](#F2){ref-type="fig"}. In addition, we carried out MD simulations for the topography and pseudo-magnetic field map of monolayer graphene/h-BN strained by a perfect tetrahedron with a base dimension of 30 nm, as shown in [Fig. 2 (F and G)](#F2){ref-type="fig"}. These MD simulations are largely consistent with the experimental results shown in [Fig. 2 (B and C)](#F2){ref-type="fig"}, although it is difficult to achieve detailed agreement due to unknown microscopic interaction parameters between the monolayer graphene/h-BN and the underlying nano-tetrahedron that are required to carry out the MD simulations.

To better manifest the characteristics of point spectra taken on areas of strained graphene, we show, in fig. S6A, four point spectra taken on highly strained locations indicated as α, β, γ, and δ on the pseudo-magnetic field map in fig. S6B (which is the same pseudo-magnetic field map as in [Fig. 2C](#F2){ref-type="fig"}), where the corresponding pseudo-magnetic fields are \|*B~S~* (*r*)\| \~ 600 T and the resulting Landau levels *n* = 0, ±1, ±2, and ±3 are explicitly indicated. In addition, a theoretical fitting curve for one of the point spectra with \|*B~S~* (*r*)\| = 592 T is shown in fig. S6C, demonstrating that the superposition of Lorentzian Landau levels on top of a background Dirac spectrum achieves good agreement with the experimental data. We further note that for all point spectra taken in strained graphene areas, approximately half of the spectra reveal a zero-bias conductance peak that corresponds to a Landau level with *n* = 0, whereas the other half of the spectra are without a zero-bias Landau level. This phenomenon is the result of two zero modes associated with spontaneous local time-reversal symmetry breaking, which will be investigated further in Discussion.

Next, we consider the strain on graphene induced by two closely spaced nano-tetrahedrons, as manifested by the topography in [Fig. 3 (A and B)](#F3){ref-type="fig"} and the corresponding pseudo-magnetic field map for the K valley in [Fig. 3C](#F3){ref-type="fig"}. In addition, maps of the strain tensors associated with [Fig. 3B](#F3){ref-type="fig"} are given in fig. S7 (A to C). We found that the maximum magnitude for the pseudo-magnetic field computed from the structural distortion was \~600 T ([Fig. 3C](#F3){ref-type="fig"}), smaller than that found in the case of single tetrahedron ([Fig. 2C](#F2){ref-type="fig"}). This is because comparable height displacements to those in [Fig. 2B](#F2){ref-type="fig"} were spread over a larger lateral dimension in the case of two closely spaced tetrahedrons so that the magnitude of (∂*h*/∂*i*) (∂*h*/∂*j*) becomes significantly reduced, where *i* and *j* denote either *x* or *y* coordinate. Moreover, detailed comparisons of the spectroscopically determined pseudo-magnetic fields \[as exemplified in [Fig. 3D](#F3){ref-type="fig"} for the line cut spectra along the white dashed line and in [Fig. 3 (E and H)](#F3){ref-type="fig"} for the line cut spectra along the black dashed lines in [Fig. 3C](#F3){ref-type="fig"}\] with those determined topographically ([Fig. 3C](#F3){ref-type="fig"}) were found to be in good agreement quantitatively.

![Topographic and spectroscopic studies of strain-induced effects on graphene due to two closely separated Pd tetrahedron NCs.\
(**A**) 3D topographic image of the distorted graphene taken by AFM. (**B**) 3D topographic image of the distorted graphene taken by STM. (**C**) Pseudo-magnetic field map calculated from the topography over the same area as shown in (B). (**D**) Tunneling conductance spectral difference from the Dirac spectrum along the line cut shown by the white dashed line in (C). (**E**) Spatially resolved tunneling spectra of strained graphene along the black dashed line in (C), showing strain-induced quantized conductance peaks. (**F**) 3D topographic map of graphene/h-BN on two ideal tetrahedrons computed from MD simulations. (**G**) Pseudo-magnetic field map computed from topographic distortion shown in (F). (**H**) Tunneling conductance spectral difference relative to the Dirac spectrum along the line cut shown by the black dashed line in (C).](aat9488-F3){#F3}

In addition to verifying the consistency between the topographic and spectroscopic derivations of strain-induced pseudo-magnetic fields, the development of a topographic "wrinkle" between two nearby nanostructures is noteworthy. Moreover, the resulting pseudo-magnetic fields along the wrinkle direction appeared to form quasi-1D "channels" of nearly uniform pseudo-magnetic fields, whereas those perpendicular to the wrinkle exhibited relatively rapid and continuous spatial variations with alternating signs. This formation of a topographic wrinkle in graphene between two nanostructures provides a hint for developing controlled and spatially extended strain to achieve global inversion symmetry breaking, which is the subject of our following exploration.

Formation of periodic parallel graphene wrinkles for valley splitting and as topological channels
-------------------------------------------------------------------------------------------------

Next, we used nanofabrication technology to develop regular arrays of nano-cones on silicon with processes described in Materials and Methods and schematically illustrated in fig. S4. Two types of periodic arrays were explored. One was a triangular lattice structure and the other was a rectangular lattice structure, as shown by the SEM images in the top panels of [Fig. 4, A and B](#F4){ref-type="fig"}, respectively. We found that the wrinkles induced on monolayer graphene by a triangular lattice had the tendency of forming along any of the three equivalent directions, as shown by the SEM image in the bottom panel of [Fig. 4A](#F4){ref-type="fig"}. In contrast, wrinkles induced by the rectangular lattice were generally well aligned and parallel to each other, as exemplified by the SEM image in the bottom panel of [Fig. 4B](#F4){ref-type="fig"} and the AFM images in the top panels of [Fig. 4 (C and D)](#F4){ref-type="fig"}. The corresponding pseudo-magnetic fields associated with the graphene distortions in the top panels of [Fig. 4 (C and D)](#F4){ref-type="fig"} are computed from the topography and shown in bottom panels of [Fig. 4 (C and D)](#F4){ref-type="fig"}.

![Extended strain effects induced by periodic arrays of nano-cones on graphene.\
(**A**) Top: SEM image of triangular arrays of cone-shaped nanostructures fabricated on a SiO~2~/Si substrate. Bottom: SEM image of monolayer-graphene/h-BN films on the triangular arrays shown in the top panel, showing graphene wrinkles that appeared randomly along three equivalent directions. (**B**) Top: SEM image of rectangular arrays of cone-shaped nanostructures fabricated on a SiO~2~/Si substrate. Bottom: SEM image of monolayer graphene/h-BN films on the rectangular arrays shown in the top panel, showing graphene wrinkles parallel to the axis of closer spaced nanostructures. (**C**) AFM image (top) of three parallel graphene wrinkles and the corresponding map of pseudo-magnetic fields derived from the strain tensors (bottom). (**D**) AFM image (top) of the graphene wrinkle enclosed by the blue dashed box in (C) and the corresponding map of pseudo-magnetic fields derived from the strain tensors (bottom).](aat9488-F4){#F4}

It is worth noting that each extended graphene wrinkle results in four parallel, relatively uniform pseudo-magnetic fields along one direction and varying with alternating signs perpendicular to the channels, as illustrated in the bottom panel of [Fig. 4D](#F4){ref-type="fig"}. Given that the pseudo-magnetic fields as observed by K and K′ Dirac fermions are opposite in sign, the formation of parallel channels of pseudo-magnetic fields can effectively result in valley splitting and valley polarization. As illustrated by the theoretical simulations in the upper panels of [Fig. 5 (A and B)](#F5){ref-type="fig"} and further detailed in the Supplementary Materials, for valley-degenerate Dirac fermions incident perpendicular to the parallel channels of pseudo-magnetic fields, K- and K′-valley fermions can become spatially separated and the lateral separation will increase with the increasing number of wrinkles they pass over, provided that the average separation (*d*) of consecutive wrinkles is less than the ballistic length (*l~B~*) of Dirac fermions.

![Parallel graphene wrinkles as topological channels for valley splitting and valley-polarized propagation.\
(**A**) Simulations for parallel graphene wrinkles as a valley splitter, showing the trajectories of initially valley-degenerate (K + K′) fermions from strain-free regions becoming split when injected vertically into regions with strain-induced periodic channels of pseudo-magnetic fields. Top: Trajectories of K and K′ fermions for an incident angle perpendicular to the parallel channels (θ = 0°). Bottom: Trajectories of K- and K′-valley fermions for an incident angle at θ = 15° relative to the normal vector of the parallel channels. (**B**) Top: Simulated trajectories of K and K′ fermions for an incident angle perpendicular to the realistic strain-induced parallel pseudo-magnetic fields (θ = 0°) shown in [Fig. 4C](#F4){ref-type="fig"}. Bottom: Simulated trajectories of K and K′ fermions for an incident angle at θ = 15° relative to the normal vector of the realistic strain-induced parallel pseudo-magnetic fields shown in [Fig. 4C](#F4){ref-type="fig"}. (**C**) Simulations for parallel graphene wrinkles as a valley propagator, showing the collimation of valley-polarized fermions. Top: Trajectories of K-valley fermions incident at an angle parallel to the channels (θ = 90°). Bottom: Trajectories of K-valley fermions incident at an angle θ = 75° relative to the normal vector of the parallel channels.](aat9488-F5){#F5}

Specifically, the ballistic length *l~B~* is related to the conductance (*G*), mobility (μ), and carrier density (*n*~2D~) of Dirac fermions in monolayer graphene by the following relation ([@R7])$$\left. G = \frac{2e^{2}}{2\pi\hslash}(k_{F}l_{B}) = n_{2D}e\mu,~\Rightarrow~l_{B} = \left( \frac{2\pi\hslash}{2e} \right)\frac{n_{2D}\mu}{k_{F}} = \left( \frac{\hslash}{e} \right)\mu\sqrt{\pi n_{2D}} \right.$$where *k~F~* = (*n*~2D~π)^1/2^ is the Fermi momentum, *e* is the electron charge, and 2πℏ denotes the Planck constant. For typical values of *n*~2D~ = 10^10^ to 10^12^ cm^−2^ and μ \~ 10^5^ cm^2^/V-s for our PECVD-grown graphene, we find that *l~B~* = 120 nm to 1.2 μm. Thus, by proper nanofabrication to design the *d* value and by gating the PECVD-grown graphene for suitable *n*~2D~ and *l~B~*, the condition *d* \< *l~B~* can be satisfied within realistic experimental parameters to achieve valley splitting and therefore valley polarized currents.

In addition to yielding valley splitting as discussed above, the parallel distributions of alternating signs of pseudo-magnetic fields can serve as topological channels for chiral fermions. As shown in [Fig. 5C](#F5){ref-type="fig"}, theoretical simulations for realistic arrays of nanostructures reveal that chiral Dirac fermions (i.e., either K or K′ fermions) can be preserved when propagate along the parallel channels of strain-induced pseudo-magnetic fields, as illustrated by the simulations shown in the top panel of [Fig. 5C](#F5){ref-type="fig"}. In addition, valley-polarized Dirac fermions can even be collimated along the topological channels if the incident angle deviates slightly from the channel direction, as exemplified in the bottom panel of [Fig. 5C](#F5){ref-type="fig"}. Thus, parallel graphene wrinkles can serve as an effective conduit for protected propagation of valley-polarized Dirac fermions.

DISCUSSION
==========

Spontaneous local time-reversal symmetry breaking and the resulting two zero modes
----------------------------------------------------------------------------------

Although the strain-induced pseudo-magnetic fields do not break the global time-reversal symmetry, the gauge potentials A and A\* associated with the two valleys (also known as two pseudo-spins) K and K′ in reciprocal space are opposite in sign and give rise to a peculiar zero mode ([@R36]). This zero mode corresponds to a condensate where the Dirac fermions are delocalized over the entire sample, and yet they remain alternately localized and anti-localized for the pseudo-spin projection in the real space, yielding local spontaneous time-reversal symmetry breaking ([@R36]). Empirically, this spontaneous symmetry breaking may be manifested by the alternating presence and absence of the tunneling conductance peak at *n* = 0 for two inequivalent sublattices in graphene, which has been previously demonstrated by STS studies of molecular graphene ([@R11]). In this study, we also found that the point spectra of all strained regions exhibit statistically equal probabilities of the two zero modes. That is, the tunneling spectra at zero bias (*V* = 0) exhibit either a conductance peak or a conductance gap, as exemplified in fig. S8A for the zero-bias conductance map of strained graphene over a Pd tetrahedron and the corresponding histograms in fig. S8B. This finding therefore provides supporting evidence for spontaneous local time-reversal symmetry breaking due to strain-induced gauge potentials in real graphene.

Nanoscale strain engineering of graphene-based valleytronic/spintronic devices
------------------------------------------------------------------------------

The formation of periodic parallel graphene wrinkles by means of modern nanofabrication technology provides a pathway toward realizing controlled strain-induced effects for scalable development of graphene-based valleytronic devices. For instance, by patterning a valley Hall device configuration with the long-axis parallel to graphene wrinkles as schematically illustrated in fig. S9A, strong nonlocal resistance and VHEs may be detected under proper back-gated voltages, leading to a valley Hall transistor similar to previous observation of the VHE in exfoliated monolayer graphene--on--h-BN flakes ([@R10]). It is also conceivable to obtain highly valley-polarized currents through the combination of valley splitters ([Fig. 5, A and B](#F5){ref-type="fig"}) and valley propagators ([Fig. 5C](#F5){ref-type="fig"}), as conceptually illustrated in fig. S9A. Furthermore, by injecting valley-polarized currents into strong spin-orbit coupled materials, the outgoing currents can become spin-polarized for spintronic applications (fig. S9B). Last, we note that many such devices can be developed by means of scalable and reproducible nanofabrication technology on large-area PECVD-grown graphene sheets ([@R32]), thus making the applications of graphene-based nanoscale valleytronic/spintronic devices closer to reality.

Strain-induced superconductivity in monolayer graphene
------------------------------------------------------

The discovery of superconductivity in bilayer graphene twisted at a "magic angle" ([@R37]) has kindled great interest in exploring "flat-band" materials ([@R38]) (i.e., materials with dispersionless energy versus momentum relation) for induction of superconductivity. A recent theoretical proposal ([@R39]) suggests that superconductivity may be more easily realized in topological flat bands induced by strain in graphene through periodic ripples and by including the effect of electronic correlation. It is argued that the chiral *d*-wave superconductivity may be stabilized under strain even for slightly doped graphene and that superconductivity thus derived could exhibit the long-sought-after superconducting states with nonvanishing center-of-mass momentum for Cooper pairs ([@R39]).

In the limit of (*J*/*t*) \~1 where *J* represents the antiferromagnetic coupling and *t* is the nearest-neighbor hopping energy, the theoretical conditions necessary for the occurrence of superconductivity are found to be (*h*/*L*) ≥ 0.05 and *h*^2^/(*La*~0~) ≥ 1, where *h* and *L* denote the height and periodic separation of the ripples, respectively, and *a*~0~ ≈ 0.142 nm is the nearest carbon-carbon distance for equilibrium graphene ([@R39]). For typical values of *h* = 20 nm and *L* = 300 nm in this work, we find (*h*/*L*) ≈ 0.067 and *h*^2^/(*La*~0~) ≈ 9.39 so that both theoretical conditions are satisfied, implying possible occurrence of superconductivity if the premise of strong electronic correlation is justifiable ([@R39]). Given this intriguing prospect, it would be worthwhile to empirically explore possible strain-induced superconductivity in monolayer graphene with architected parallel wrinkles and to verify the validity of strong electronic correlation under giant pseudo-magnetic fields. However, empirical verifications of superconductivity require measurements at cryogenic temperatures. Given that the thermal expansion coefficient for graphene is negative and those for typical substrate materials (such as silicon) are positive, the strain induced by architected substrates in graphene is expected to decrease with decreasing temperature. Therefore, proper consideration of such complications will be necessary in the investigation of possible strain-induced superconductivity in graphene.

In summary, we have demonstrated a controlled approach to manipulating the topological states in monolayer graphene via nanoscale strain engineering. By placing strain-free monolayer graphene on architected nanostructures to induce global inversion symmetry breaking, we are able to induce giant pseudo-magnetic fields (up to \~800 T) with desirable spatial distributions, realize global valley polarization, and achieve periodic 1D topological channels for protected propagation of chiral fermion modes in strained graphene. The methodology presented in this work not only provides a platform for designing and controlling the gauge potential and Berry curvatures in graphene but also is promising for realizing scalable graphene-based valleytronic devices and strain-induced superconductivity.

MATERIALS AND METHODS
=====================

Graphene/BN/Pd tetrahedron sample preparation
---------------------------------------------

In this work, the Pd tetrahedron NCs were synthesized by a wet-chemical method ([@R33]). The preparation procedure is briefly summarized below. We mixed 7.6 mg of palladium (II) acetylacetonate \[Pd(acac)~2~\], 16.5 mg of iron (II) acetylacetonate \[Fe(acac)~2~\], 50.0 mg of polyvinylpyrrolidone, and 10.0 ml of *N,N′*-dimethylformamide into a 30-ml vial. After ultrasonication for 5 min, the mixture was heated at 120°C for 10 hours in an oil bath on a hotplate. The resulting precipitant were collected by centrifugation and rinsed with ethanol several times. A Si substrate was first ultrasonicated in acetone and subsequently in isopropyl alcohol for 10 min each, blown dry with dry nitrogen, and then loaded into a 100-W O~2~ plasma for 5 min to remove any traces of hydrocarbon residue. The Pd tetrahedron suspension was dropped onto the Si substrate and spun at 1500 RPM for 1 min. After the spin-coating process, the sample was loaded into a 100-W O~2~ plasma for 5 min again to remove any residue on the Pd tetrahedron NCs. The resulting typical size of the Pd tetrahedron NCs ranges from 50 to 70 nm and the height ranges from 40 to 60 nm, as exemplified in [Fig. 1 (B and C)](#F1){ref-type="fig"}. Next, a monolayer BN was transferred over the substrate covered by the Pd tetrahedron NCs, followed by the transfer of PECVD-graphene onto the BN/Pd-NCs. AFM and SEM measurements were performed on every step of the process. We found that graphene/BN conformed very well to the Pd tetrahedron NCs if they were well separated from each other, as exemplified by the AFM image in [Fig. 1](#F1){ref-type="fig"} (D and E, top). However, we found that graphene tended to form wrinkles along the Pd tetrahedrons if they were sufficiently closed to each other, as exemplified by the AFM images in the bottom panel of [Fig. 1E](#F1){ref-type="fig"}. This situation is similar to our previous observation of graphene/h-BN on Au nanoparticles and graphene/h-BN on Si nanostructures ([@R31]).

Procedures for fabricating periodic arrays of graphene/h-BN/SiO~2~ nano-cones
-----------------------------------------------------------------------------

SiO~2~ nano-cone substrate fabrication is schematically shown in fig. S4 and further described here. First, a typical e-beam lithography method was used to pattern an array of discs with \~50 nm diameters on a Si substrate with a 300-nm oxide layer. After development, 15-nm-thick Ni is deposited and used as a mask in a C~4~F~8~/O~2~ reactive ion etching environment to create Si nano-pillars. After etching, the substrate was immersed in the buffered oxide etch for \~20 s until the Ni discs fell from the top of the nano-cones. A typical size of nano-cone is \~40 nm in diameter and \~20 nm in height. A monolayer h-BN was transferred over the SiO~2~ nano-cones, followed by the transfer of PECVD-grown graphene.

Scanning tunneling microscopic and spectroscopic studies of strain-engineered graphene
--------------------------------------------------------------------------------------

Two types of monolayer strained graphene samples were investigated using STM/STS at room temperature. The samples were loaded onto our homemade STM system and pumped down to a vacuum level of 1.6 × 10^−6^ torr. Atomically resolved topographic and spectroscopic measurements were carried out on samples at room temperature using a Pt/Ir STM tip with a typical tunnel junction resistance at 2 gigaohms.
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